The presence and transport of muscarinic cholinergic binding sites have been detected in the rat vagus nerve. These binding sites accumulate both proximal and distal to ligatures in a timedependent manner. The results of double ligature and colchicine experiments are compatible with the notion that the anterogradely transported binding sites move by fast transport. Most of the sites accumulating proximal to ligatures bind the agonist carbachol with high affinity, while most of the sites accumulating distally bind carbachol with a low affinity. Also, the receptors transported in the anterograde direction are affected by a guanine nucleotide analogue (GppNHp), while those transported in the retrograde direction are less, or not, affected. The bulk of the sites along the unligated nerve trunk bind carbachol with a low affinity and are less sensitive to GppNHp modulation than the anterogradely transported sites. These results suggest that some receptors in the vagus may undergo axonal transport in association with regulatory proteins and that receptor molecules undergo changes in their binding and regulatory properties during their life cycle. These data also support the notion that the high and low affinity agonist forms of the muscarinic receptor represent different modulated forms of a single receptor molecule.
nication, we report that muscarinic cholinergic receptors undergo axonal flow in the rat vagus nerve. The characteristics of the flow and the receptors involved have been examined in some detail. Receptors were assayed by light microscopic autoradiography which provides a high degree of resolution and sensitivity.
Materials and Methods
Tissue preparation.
Male rats (150 to 250 gm; SpragueDawley, Madison, WI) were anesthetized with pentobarbital (65 mg/kg, i.p.). The right cervical vagus then was surgically exposed. The nerve trunk was dissected away from surrounding blood vessels and connective tissue, and the nerve was ligated (size 4-O silk, nonabsorbable, surgical suture) about 1.5 cm distal to the nodose ganglion. When consecutive ligatures were placed on the nerve trunk, they were separated by approximately 15 mm. When injections were made into the nerve trunk, the ligature was first placed around the nerve, and the material was subsequently injected approximately 2 mm proximal to the ligature using a Hamilton lo-p.1 syringe. The animal was allowed to recover postoperatively. After the appropriate interval of ligation, the ligated nerve was
The Journal of Neuroscience Vagal Muscarinic Receptor Transport 935 removed surgically (under anesthesia). Three to 4 mm of tissue on each side of the ligature was retained. The nerve was mounted immediately in brain paste (homogenized brain tissue) on a microtome chuck and frozen in liquid nitrogen. Autoradiographic experiments. Autoradiograms were generated by the procedure outlined by Young and Kuhar (1979) . Briefly, longitudinal B-pm-thick frozen sections of vagus nerve were cut on a Harris cryostat microtome (Harris Manufacturing Co., North Billerica, MA). The sections were thaw-mounted onto subbed glass microscope slides and stored at -20°C. Muscarinic cholinergic receptors were labeled by incubating slide-mounted tissue sections with either 1 nM ["Hlquinuclidinyl benzylate (QNB; 40 Ci/mmol; Amersham, Inc.) or 1 nM N-['HImethyl scopolamine (NMS; 50 Ci/mmol; New England Nuclear). The experimental conditions appropriate for labeling muscarinic receptors with a high degree of pharmacological specificity and optimal specific to nonspecific binding ratios have been described elsewhere in detail (Wamsley et al., 1980 (Wamsley et al., , 1981a . Following the protocol outlined in those studies, tissue sections were incubated in phosphate-buffered saline (containing NMS or QNB) for 1 (NMS) or 2 (QNB) hr at 23°C and subsequently were washed in buffer for 10 min at 4°C. Nonspecific binding was determined by incubating some tissue sections in the presence of 1 pM atropine sulfate. In displacement or saturation experiments, consecutive tissue sections were incubated in various concentrations of NMS or NMS plus displacer. After the wash, the slides were dried and apposed against glass coverslips which had been dipped in photographic emulsion previously (Kodak, NTB-3) and allowed to dry. The emulsion was developed after 4 to 6 weeks exposure. Quantitation of data. Autoradiograms were viewed using an Olympus microscope (Olympus Optical, Japan), and the data were quantified (by recording grain density), using a Zeiss Universal microscope (Zeiss, Federal Republic of Germany) and an eyepiece equipped with a superimposed grid. Previous studies (Young and Kuhar, 1979; Unnerstall et al., 1981) have shown that this autoradiographic technique is quantitative (grain density proportional to time of exposure and tissue content of radioactivity). Typically, nonspecific binding was less than 10% of total binding. Specific binding is shown in Figures  1 to 5 .
Radioactive standards (tissue sections containing a known concentration of radioactivity)
were included in some experiments. Using the standards, a standard curve relating grain density to radioactivity concentration (disintegrations per min per mg of tissue, wet weight) was generated. From this curve, the concentration of receptors in the nerve segment (femtomoles per mg of tissue, wet weight) was calculated.
Results
Time course of receptor accumulation. Ligatures were placed around rat vagi and allowed to remain in place for various times between 0 and 24 hr. After the appropriate time of ligation, the nerve trunk was removed and processed for autoradiography as described under "Materials and Methods." The slide-mounted vagal tissue sections were labeled with 1 nru ["HIQNB. Examples of autoradiographs showing the transport of receptors have been published previously (Young et al., 1980; Zarbin et al., 1981) . The quantified results of these experiments are shown in Figure 1 . An accumulation of muscarinic cholinergic binding sites was observed both proximal and distal to the ligature. The buildup was greater in magnitude proximal to the ligature. This accumulation of binding sites was time dependent. Proximal to the ligature, the accumulation was linear with time over the first 24 hr of ligation (i.e., the buildup of grains occurred at a constant rate). No accumulation of binding sites was detected at 0 hr of ligation. The accumulation of sites distal to the ligature occurred in a linear fashion during the first 12 hr of ligation. The rate of distal accumulation appeared to decrease between 12 and 24 hr of ligation. Binding in the presence of 1 pM atropine was negligible at all points along the nerve trunk (not shown).
Pharmacologic experiments. Figure 1 . Time course of muscarinic cholinergic binding site accumulation. Vagal nerve trunks were ligated for various times between 0 and 24 hr. The tissue then was used to generate autoradiograms as described under "Materials and Methods." One nanomolar ["HIQNB was used to label the binding sites.
Proximal indicates x coordinates proximal to the point of ligation. The x coordinate 0 is assigned to the point at which the ligature was placed. This experiment was repeated in 24 animals (g/time point) with essentially identical results. Data from a typical experiment are shown. The total grain density at each point is the average of five determinations which differed by less than 15%. The exposure time was 5 weeks. The relative accumulations (defined as the ratio of the accumulation of grains above "base line" levels after a given ligation time to the accumulation of grains after 6 hr of ligation) proximal to the ligature are: 0 hr, 0; 6 hr, 1.0; 12 hr, 2.0; and 24 hr, 3.7; and the relative accumulations distal to the ligature are: 0 hr, 0; 6 hr, 1.0; 12 hr, 1.7; and 24 hr, 2.3. Vol. 2, No. 7, July 1982 
Figure 2. Saturation analysis of transported muscarinic binding sites. Tissue sections of vagal nerve trunks which had been ligated for 22 hr were used to generate autoradiograms. Data are reported as the mean f SEM (n = at each point). Proximal and distal refer to the analysis of the regions 0.23 mm proximal and distal to the ligature, respectively. These areas were examined since areas near the ligature should be enriched in transported binding sites. The exposure time was 6 weeks. B/F, Bound/free. area of the nerve trunk immediately adjacent to the ligature (i.e., 0.23 mm proximal or distal to the ligature) is enriched in transported binding sites, [3H]NMS binding was quantified 0.23 mm proximal and 0.23 mm distal to the point of ligation (Fig. 2) . Scatchard analysis of the saturation data indicates apparent dissociation constants of 0.69 and 0.47 nM for the sites accumulating proximal and distal to the ligature, respectively. These values are very similar to those reported by Berrie et al. (1979) for muscarinic receptors assayed in homogenates of rat cardiac tissue and are somewhat higher than that in brain.
To investigate the pharmacologic characteristics of the transported binding sites further, the ability of levallorphan and carbachol to displace [3H]NMS binding was analyzed (Table I) . While lo-' M carbachol, a choline& agonist, is able to displace essentially all of the [3H]NMS binding, lo-" M levallorphan, an opiate antagonist, is minimally effective as a displacer. Thus, the transported binding sites appear to have the pharmacologic characteristics of muscarinic cholinergic receptors.
Effect of consecutive Ligatures on muscarinic receptor transport. To investigate the possibility that receptor transport could continue when the axon is separated from the cell body, consecutive ligatures were placed on the vagal nerve trunk and were allowed to remain in place for 24 hr. After this time, the tissue was removed and processed for autoradiography as described under "Materials and Methods" (Fig. 3 ). An accumulation of receptors was observed proximal to both ligatures. The accumulation proximal to the distal ligature (i.e., that furthest from the nodose ganglion) was smaller in magnitude (about 50%) than that at the other ligature. The gradient of the buildup at the distal ligature appeared to be similar to that at the proximal ligature. Only a negligible accumulation of receptors was detected distal to the proximal ligature. Distal to the distal ligature, however, an accumulation of receptors was observed. At no point between the ligatures did the binding site density decrease to background levels. Thus, only a small fraction of the axonal binding sites appears to be moving. Effect of colchicine on muscarinic receptor transport. Colchicine is an alkaloid which, in low doses, may block fast transport relatively selectively (McClure, 1972) . To test the effect of this compound on muscarinic receptor transport, 5 ~1 of 100 pM colchicine (dissolved in 0.9% NaCl) was injected into the nerve trunk on the proximal side of the vagal ligatures. Vehicle injections were used as controls. After 20 hr of ligation, the tissue was removed and processed for autoradiography (Fig. 4) . It can be seen that the accumulation of receptors, proximal but not distal to the ligature, in colchicine-treated nerves is much less than that in vehicle-injected nerves. Proximal to the injection site, a diffuse buildup of grains was observed (data not shown). High versus low affinity muscarinic receptor transport. It has been shown that muscarinic cholinergic agonists bind to three receptor sites in brain, each distinguished by its affinity for the agonists. Antagonists, on the other hand, bind to each of these sites with an equal, high affinity (Birdsall et al., 1978b; Hulme et al., 1978) . Thus, it has been possible to localize autoradiographitally the high and the low affinity binding sites in the rat brain by incubating some tissue sections with 1 nM [3H] NMS (to label both the high and low affinity muscarinic receptors) and incubating consecutive sections in 1 nM ["H]NMS plus 10e4 M carbachol (a concentration of carbachol which will displace [3H]NMS binding preferentially from high affinity sites (Wamsley et al., 1980) (Fig. 6 ).
It can be seen that, immediately proximal to the point of ligation, carbachol has an ICm of 9 x lOpa M, while, distally, it has an IC& of 1.3 x 10e4 M. This result suggests that the bulk of the binding sites accumulating proximal to the ligature are high affinity agonist binding sites, while most of the sites accumulating distally are low affinity sites. Moreover, at points far removed from the ligature, carbachol binds both proximally and distally with an IC& of -10e4 M (Fig. 6) . Effect of guanyl-5'-yl imidodiphosphate (GppNHp) on receptor binding. GppNHp, a nonmetabolizable analogue of GTP, has been shown to inhibit the binding of the agonist carbachol to myocardial muscarinic choline@ receptors by decreasing agonist affinity (Berrie et al., 1979; Wei and Sulakhe, 1979; Rosenberger et al., 1979 Rosenberger et al., , 1980 (Table  II) indicate that GppNHp markedly decreased the potency of carbachol at the sites accumulating proximal to vagal ligatures since the binding of ["H]NMS increased from 27% of control in the presence of carbachol to 86% of control when GppNHp and carbachol were co-incubated. Similarly, the binding of carbachol to sites far removed from the ligature appeared to be inhibited by GppNHp but less so. The binding of carbachol to the distally accumulating sites, on the other hand, seemed less sensitive to inhibition by GTP than either the proximally accumulating sites or the sites far removed from the ligature.
Discussion
The transport of opiate (Young et al., 1980) and cholecystokinin (Zarbin et al., 1981) receptors has been detected recently in the rat vagus nerve. Muscarinic cholinergic receptor transport has been observed in the dog splenic nerve (Laduron, 1980) and in the rat sciatic nerve (Wamsley et al., 1980b) Armett and Ritchie, 1961) . The existence of functional presynaptic muscarinic receptors on noradrenergic (for reviews, see WestphalI, 1977; Starke, 1977; Langer, 1977) and cholinergic (Szerb et al., 1977) nerve terminals is well known.
The results of this study are compatible with the possibility that muscarinic receptors move by fast transport (versus slow transport). The translocation of substances by slow transport appears to require continuity between the cell body and the axon, while fast transport may occur even in isolated axons (see Schwartz, 1979; Grafstein and Forman, 1980, for review) . Isolation of the axon from the cell body can be accomplished in viva by placing two consecutive ligatures around the nerve trunk. The accumulation of binding sites proximal to the distal ligature thus suggests that the transport apparatus is locally present and functional along the axon. Thus, muscarinic receptors probably move by fast transport. The accumulation of receptors distal to the proximal ligature was negligible although a significant accumulation was detected distal to the distal ligature. This result suggests that the distal accumulation of binding sites is due to retrograde transport. The failure to observe an accumulation of binding sites distal to the proximal ligature is somewhat surprising. Since the isolated nerve trunk was able to support a significant amount of anterograde transport, one would expect the retrogradely moving material to be detectable at the proximal ligature, albeit in smaller quantities. The lack of a detectable retrograde accumulation at the proximal ligature actually might mean that retrograde transport was impaired in the isolated segment. On the other hand, we cannot rule out the possibility that the accumulation was not detected due to technical reasons or due to the rather long ligation times used. Colchicine, in low doses, may impair fast transport relatively selectively (McClure, 1972) . The data of Figure 4 show that muscarinic receptor transport is inhibited by cholchicine. The unimpaired buildup of receptors distally corroborates the localization of transport disruption to the site of colchicine injection. Muscarinic receptors accumulate at ligatures in a timedependent manner during the first 24 hr of ligation. The linear nature of the time dependence (i.e., constant rate) also has been observed for vagal opiate (Young et al., 1980) and cholecystokinin (Zarbin et al., 1981) receptors. The decreased rate of retrograde accumulation after 12 hr of ligation is probably secondary to the degeneration of the distal nerve stump which is significant after 18 hr of ligation (Grafstein and McQuarrie, 1978) . The rate of receptor movement can be estimated by dividing the total accumulation in 24 hr by the average receptor density in an unligated l-mm segment of the nerve trunk. According to this analysis, the estimated rate of transport proximal to the ligature is 8.3 + 0.35 mm/day (mean & SEM; n = 4), and the rate of transport distal to the ligature (during the first 14 hr of ligation) is 4.9 + 0.4 mm/day (n = 3). These values are similar in magnitude to the estimated transport rates of vagal opiate and cholecystokinin receptors. As pointed out elsewhere (Zarbin et al., 1981) , however, it is likely that these calculations underestimate the true rate since the analysis is based on the assumption that 100% of the receptors present in the nerve are undergoing transport. The double ligature experiments show that the receptor densities in between the ligatures are not depleted significantly. Thus, only a small fraction of the receptors present in the nerve appears to be moving. Brimijoin and Wiermaa (1978) have shown that, in the case of acetylcholinesterase, only about 10% of the protein undergoes transport.
The calculated rate of anterograde muscarinic receptor accumulation is 1.7 times greater than the calculated rate of retrograde accumulation. Grafstein and Forman (1980) have pointed out that the rate of anterograde transport is often about 2 times greater than the rate of retrograde transport. The data of this study thus appear to be in agreement with their generalization. This difference in transport rates could explain why the accumulation of receptors proximal to the ligature is consistently greater than the distal accumulation.
The choline@ binding sites assayed in this study appear to have the pharmacologic characteristics of muscarinic cholinergic receptors. Our results are in agreement with those from rat brain homogenate studies (Yamamura and Snyder, 1974) . Also, Laduron (1980) has shown that transported muscarinic binding sites in the dog splenic nerve have the pharmacologic characteristics of muscarinic receptors.
Biochemical kinetic examination of muscarinic cholinergic receptors has revealed that more than one type of receptor exists and that there are possibly three different receptors distinguished by differing affinities for agonists (Birdsall et al., 1978a, b; Hulme et al., 1978) . Antagonist drugs recognize these different receptors with about the same equal high affinity. Carbachol displacement experiments indicate that the population of muscarinic receptors accumulating proximal to ligatures (referred to as P receptors) differs from the population accumulating distal to ligatures (referred to as D receptors). Specifically, the former receptors bind carbachol with a high affinity (I&J of 9 x lo-M), while the latter bind carbachol with a low affinity (I&o of 1.3 X lo-* M). Using the ChengPrusoff equation (Cheng and Prusoff, 1973) , these ICSO values can be converted to Ki values. Assuming the apparent dissociation constant (Kd) of NMS to be 0.6 nM for the binding sites, the P receptors exhibit a K, of 2 X lo-" M for carbachol, while the D receptors exhibit a Ki of 3 x lo-" M. BirdsaIl et al. (1978b) have shown that carbachol binds to the high affinity muscarinic receptor with a Kd of 5 x 10d7 M and to the low affinity receptor with a Kd of 9 x lo-" M. Thus, the P receptors and the D receptors appear to be similar to the high and the low affinity agonist receptors, respectively, of Birdsah et al (197813) . The Ki of the P receptors appears to be somewhat smaller in magnitude than the Kd of the high 940 Zarbin et al. Vol. 2, No. 7, July 1982 affinity receptors. The difference may simply be due to the crudeness of the analysis employed to determine the K, (the 1% values were interpolated from the data of Fig. 6 ). On the other hand, it may be that the so-called "super high" affinity receptors (Birdsall et al., 1978b) , which normally constitute a small percentage of the population, are present in significant numbers proximal to the point of ligation. The axonal receptors present at points far removed (21 mm) from the ligature proximally and distally exhibit Ki values of 5 X lop5 M and 2 X lop5 M, respectively, for carbachol. Thus, these receptors, which are most of the axonal receptors, appear similar to low affinity agonist receptors. The finding that the bulk of the axonal receptors are low affinity agonist sites while the anterogradely transported receptors are high affinity agonist sites (i.e., those accumulating at the ligature) also suggests that only a small fraction of the axonal receptors is moving.
Several explanations may account for the observed difference between P and D receptors. One possibility is that the difference is an artifact of ligation. This seems unlikely since double ligation of the vagus nerve trunk results in the accumulation of P receptors and D receptors at the distal ligature, but only P receptors appear to accumulate at the proximal ligature. Thus, ligation alone probably cannot induce the presence of two different populations of muscarinic receptors.
Another possibility is that the soma exports a heterogeneous population of receptors, but differences in the mobility of high (i.e., P) and low (i.e., D) affinity receptors result in their selective accumulation proximal and distal to ligatures, respectively. Proximal to the ligature for example, low affinity receptors may undergo a "turn around" in transport direction (Bisby and Bulger, 1977) more easily than high affinity receptors with the result that high affinity sites accumulate proximal to ligatures. A corollary of this proposition is that low and high affinity receptors differ in some respect with regard to their mechanism of anterograde transport. While this possibility cannot be refuted at present, it seems unlikely.
Another explanation is that the bulk of the receptors exported from their soma of origin exist primarily in the high affinity state, while most of those returning to the cell body exist mainly in the low affinity state. The anterogradely transported receptor population may undergo an alteration in its binding properties with insertion in the membrane at the synaptic terminal or along the axon. The low affinity state may be maintained as the membrane is recycled by retrograde transport. This explanation, which we favor, can account for the accumulation of high affinity sites proximal to ligatures and low affinity site accumulation distal to ligatures and is consistent with the results of the double ligature experiment as well. A potential difficulty with this hypothesis is that the transported receptor populations may not be homogeneous. The data of Figure 6 suggest that the carbachol displacement curves have a Hill coefficient less than 1 (especially in the case of the P receptors). Homogeneous receptor populations generally exhibit Hill coefficients of 1 in such studies. Thus, the two populations of transported binding sites appear to have some degree of heterogeneity, albeit slight. The muscarinic receptors present in the unligated nerve trunk also appear to be heterogeneous, as judged by this criterion. Nonetheless, most of these nontransported sites seem to be of the low affinity type.
The results of the GppNHp experiments indicate that the anterogradely transported binding site is sensitive to regulation by guanine nucleotides. As the bulk of the anterogradely transported receptors appear to be of the high affinity type, these data indicate that the high affinity agonist binding site may be sensitive to regulation by guanine nucleotides in agreement with the results, of Wei and Sulakhe (1979) and Rosenberger et al. (1980) . In other words, the anterograde transported binding sites are capable of being converted from a high to a low affinity agonist binding state by GppNHp. This implies the existence of a functional association between the anterogradely transported binding site and a regulatory moiety, such as the nucleotide regulatory protein (Berrie et al., 1979; Rodbell, 1980; Lefkowitz and Williams, 1978) . The retrogradely transported site, on the other hand, appears to be in a low affinity state and insensitive to GTP. This might be due to the presence of a very tightly bound endogenous nucleotide, to an inability of the retrogradely transported receptor to be coupled to a regulatory moiety, or to a lack of functional regulatory moiety distal to the ligature. A large body of evidence suggests that P-adrenergic receptors bind agonist with low affinity when uncoupled from the nucleotide regulatory protein (see Lefkowitz and Williams, 1978; Rodbell, 1980, for review) . Thus, it may be of interest to note that Chuang et al. (1980) have shown that /? receptors on the cell surface (frog erythrocytes) are sensitive to modulation by GTP, while those which have been internalized (subsequent to desensitization) are insensitive to GTP. Furthermore, Bray et al. (1971) have found that fluoridestimulated adenylate cyclase (which involves the nucleotide regulatory protein (Rodbell, 1980) ) accumulates proximal but not distal to ligatures placed around the chick sciatic nerve.
Finally, the nontransported receptors (i.e., the bulk of those along the axon away from ligatures) have a nucleotide sensitivity which is less than that of the anterogradely transported receptors. This result may be due to the presence of endogenous nucleotide. Alternatively, the differential sensitivity might be due to a differing degree of heterogeneity in this receptor population or due to differences in the receptor-modulator coupling.
In summary, if it is assumed that anterogradely transported sites, stationary axonal sites, and retrogradely transported sites represent some sequence in the life cycle of the receptor, then our data could mean that there is progressively less modulation of the receptor by regulatory protein through the processes of transport, insertion, and removal of receptors.
